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ABSTRACT
BATTERY STORAGE ANALYSIS WITH IMPROVED CAPACITY AND PERFORMANCE
FOR ELECTRIC VEHICLES
Yashwanth Teja Donga, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2015
Pradip Majumdar, Chair

Increasing oil prices, demand for urban vehicles and focus on sustainable transportation
have caused a substantial new development effort towards automotive electrification such as
hybrids and electric vehicles (EVs). EVs typically achieve better fuel economy and have lower
fuel costs than similar conventional vehicles. The demands for electric battery storage are
increasing for greater energy storage needs for alternative energy sources and electric grid systems
as well. Lithium ion batteries are considered as one of the leading types of battery storage systems
to be employed in electric vehicles (EVs) or hybrid electric vehicles (HEVs). This work is a
continuation of previous experimental and simulation studies conducted at NIU in an effort to
develop high-performance electric battery storage for transportations applications. The objective
of this research is to develop a three-dimensional computer simulation model for coupled
electrochemical and thermal analysis and characterization of a lithium ion battery performance
subject to a range of high charge and discharge rates associated with the typical vehicle load cycles.
The simulation model is used to analyze the limitation of state-of-the art battery chemistry and
capacity in terms electrochemical polarization performance and thermal heat management
requirement.
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CHAPTER 1
INTRODUCTION
1.1 Motivation
One of the biggest challenges within the 21st first century is to stabilize an even and proper
energy which will meet the world’s increasing energy demands. Thus, it is crucial to boost energy
potency and to expand renewable energy—not solely owing to this international context of rising
energy demand and energy costs, but conjointly because of the challenge to cut back the emission
of greenhouse gases, particularly those of CO2, to prevent global warming. Walking into the 21st
century, the world has strongly realized the consequences of depleting fuel and greenhouse effects.
The result of the 1970s crises of fuel and emission norms which were recently introduced have
eventually made the researchers around the world to search for an alternate energy generation
source which can reduce the dependency on regular fuel [1].
The unavoidable depletion of non-renewable fossil fuels and environmental issues, such
as CO2 emissions, makes us to move away from using fossil fuels as the main global energy
source. Green energy sources, such as solar, hydroelectric, thermal and wind energy capture, will
inevitably replace traditional energy sources. Most of these renewable energy sources, such as
solar and wind, are typically periodic. Electrical energy storage, such as batteries, is crucial to
solve the problem, as they can efficiently store electricity in chemicals and release it according to
demand [2].
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Electric and hybrid vehicle may present the most promising solution for pollution
problems caused by the emission of conventional internal combustion engine. These technologies
will highly depend on battery packs. The role of battery as the power source in electric drive
vehicle is important. Due to the high energy density, lithium ion batteries have gained much
attention as a viable candidate to increase vehicle range and performance of electric drive vehicle
application [3].
Lithium ion batteries, usually common in cell phones, laptops, and other portable
electronics devices, are considered as typical components for hybrid electric and electric vehicle
applications. This is supposedly due to the high energy and power density as compared to other
battery chemistries such as NiMH and lead acid, which have traditionally been used in automotive
applications. Understanding how lithium ion batteries perform when scaled up to the large size
needed for vehicle propulsion applications is important for the design and control of batteries for
improved performance, safety, and long-term durability.
As a follow-up of the previous work [4], the present work is meant to develop a three dimensional electrochemical kinetics and heat-generated coupled model which is effective in
predicting the lithium ion concentration and advancement of temperature within the battery model.
The objective of this research is to develop a three-dimensional computer simulation model for
electrochemical and thermal analysis and characterization of a lithium ion battery (LIB)
performance subject to a range of charge and discharge rates associated with the typical real-time
electric vehicle load cycle. Load cycle is the operation of sequence of discharge and charge for a
particular duration on the battery of a vehicle where the capacity varies with time and is derived
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from the duty cycles of these electric vehicles. This research is conducted in an effort to develop
high-performance electric battery storage for transportations applications.

1.2 Literature Review
Doyle et al. [5], developed a one-dimensional electrochemical coupled thermal model of
lithium ion battery and performed the simulation at various discharge rates. The model predicted
the correlations for open-circuit potential variations with state-of-charge of both electrodes. He
explored different design systems using the mathematical model with the objective of gaining
higher specific energy for the concentration of lithium. The predictions from the model indicate
good agreement with the experimental results. The electrolyte that they used is a mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) with LiPF6 as a salt.
Arora [6] worked on the model developed by Doyle et.al and compared the computer
simulations with experimental data of lithium ion battery under different discharge rates .He
compared the simulations with lithium ion polymer cells with liquid lithium ion batteries. The
main aim was to develop polymer cells with high specific energies and energy densities to liquid
lithium ion cells. He concluded that the solution-phase diffusion limitations are the major limiting
factor during high-rate discharges. He used LixC6 as a negative electrode and LiyMn2O4 as a
positive electrode.
Gerver [7] developed a 3D battery model and it then coupled an electrochemical battery
model with a thermal model to understand how thermal effects will influence electrochemical
behavior and also to determine temperature distributions throughout the battery.
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Cai and White [8] developed a one-dimensional model to estimate the surface temperature
of the cell at various discharge rates and with different convective cooling conditions. Their 1D
model included temperature and salt concentration dependent diffusion coefficient and the ionic
conductivity in the binary electrolyte. They predicted that the diffusion coefficient of Li ions in
solid and electrolyte phase, thermal conductivity of electrolyte and reaction rate constants depend
on the temperature of the model.
Bidwai [4] developed a two-dimensional electrochemically coupled thermal model to find
the temperatures within the cell using lithium manganese oxide as cathode. This model observed
the variations of temperature and potential under different discharge rates and indicated cooling in
order to avoid thermal runaway.
Jaeshin Yi [9] predicted that the potential and current density distributions on the
electrodes of a lithium ion battery cell are function of discharge time. He developed a threedimensional model based on the modeling results of potential and current density distributions of
the LIB cell. The results are then validated with experimental ones.

1.3 Research Work Done at Northern Illinois University (NIU)
Bidwai [4] developed a two-dimensional electrochemically coupled thermal model to find
the temperatures within the cell using lithium manganese oxide as cathode. This model observed
the variations of temperature and potential under different discharge rates and indicated cooling in
order to avoid thermal runaway.
Subhedar [10] developed the analysis of regenerating the energy developed during the
braking and storing it back to the battery system. A multiphysics simulation code was performed
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on the model of Bidwai [4] to understand the thermal and cooling requirements of battery subjected
to load cycle of a typical locomotive engine. The analysis assisted in addressing the issues for
operating the battery at a maximum efficiency under operating temperatures.
Andrew [11] evaluated experimentally the battery performance by considering different
discharge and charge rate, and investigated the thermal management requirements and thermal
runaway effect of the batteries under a variety of environmental conditions. The monitoring of the
battery were done with different thermal sensors with application of different load cycles over
discharge and charge rates. The results showed that under high discharge rates, above 1C, and low
operating temperatures, below 20°C, would decrease the capacity of battery.
Harish.B. [12] developed a computer simulation model coupling electrochemical kinetics
and heat generation components and evaluated performance of lithium-ion battery experimentally
considering different discharge and charge rates for an electric vehicle. He analyzed the thermal
behavior and thermal management requirements of the battery under a variety of load conditions.

1.4 Scope of Work
The main aim of this research is to develop a three-dimensional simulation model for
analyzing the performance for a lithium ion battery for an electric vehicle. The computer
simulation model is based on coupling the battery electrochemical kinetics model to the thermal
heat model for enhanced performance during high discharge and charge conditions.

The

electrochemical model consists of species and charge transport properties throughout the liquid
and solid phases of the electrode and electrolyte layers in conjunction with electrode kinetics. In
the thermal model, heat generation components such as reversible, irreversible and Ohmic heating
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are included. Simulation analysis is used to characterize the performance of a lithium ion battery
performance subject to a range of high charge and discharge rates associated with the typical
vehicle load cycles. The simulation model is used to analyze the limitation of state-of-the art
battery chemistry and capacity in terms of electrochemical polarization performance and thermal
heat management requirements.

CHAPTER 2
FUNDAMENTALS OF BATTERY OPERATION
2.1 Basics of Battery and Operation
In the modern era, electrical energy is generally converted from solar energy, mechanical,
chemical energy, etc. A battery is basically a device that converts chemical energy to electrical
energy. It is also called a galvanic cell. The battery has two different materials which are usually
termed as electrodes and have separate/different positive standard reduction potential, and when
these two are connected through an external load, it causes spontaneous half reactions inside each
of them. They are half oxidation and reduction reactions. These two half reactions occur
simultaneously and result in a conversion of chemical energy to electrical energy. During this
process, the electrons transfer through external circuits giving electrical work as needed for the
load. These electrons are the cause for the work and Figure 1 represents it.

Figure 1: Discharge and charge of battery.
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Normally, when the discharge process occurs the oxidation reaction takes place at the
anode or the lower potential electrode, which releases cations and electrons. Cations move towards
the cathode or higher standard positive reduction potential while electrons travel through the
external circuit performing required work on the load. In order to complete the electrical circuit,
the flow of anions takes place towards the negative electrode or electrode with low standard
positive reduction potential. The reverse of this phenomenon takes place when charging occurs.
Thus, the process of discharge and charge is shown below in Fig 2 and Fig 3.

Figure 2: Discharge of battery.
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Figure 3 : Charge of a battery.
2.2 Battery Terminology and Losses Occurring
C-rate: C-rate is the rate at which the battery is discharged or charged. For example, a 10Ah
battery is discharged at 1C; the battery can supply 10A current for an hour. If the same battery is
charged at 0.5C; meaning charging current is 5A, it requires two hours to get charged.
Capacity: Capacity is the electrical output which a battery can supply until all the cations
are transferred from anode to cathode. Once all the cations are transferred to cathode, anode is
unable to supply more until cations are accumulated again on anode during charging. Generally,
capacity is described in terms of ampere hours. Capacity is very important in the selection of the
battery for high-end applications.
State of charge (SOC): SOC is basically like the fuel gauge in the vehicle to display the
amount of fuel remaining after a particular run. It is based on voltage and expressed in terms of
percentage [13].
Load cycle: Load cycle refers to continuous discharge and charge of current (A) or current
density (A/m2) with respect to time (s).
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Losses occurring: As discussed, the battery is an electrochemical cell and possesses
electrochemical reactions. The losses of the battery play an important role in battery operation.
There are three types of losses involved in any battery, including activation losses, Ohmic losses,
and concentration losses [14]
Activation losses: When the load is applied to the battery cell, the current flows through
the electrode, and the electrode potential departs from its equilibrium potential. Thus, the potential
obtained from the activation-controlled charge transfer process is demonstrated as an activation
loss, and its relation with respect to the current is given by the Butler-Volmer equation represented
below [14].

i = i0 �cox exp �−

(1 − α)nFη
αnFη
� − cred exp �
��
RT
RT

(0.1)

In equation 2-1 above, i0 is exchange current, α is transfer coefficient, η is activation over

voltage, c is concentration, ox and red refer to oxidation and reduction reactions, R is the universal
gas constant and T is the temperature. If the exchange current density is increased then the
activation loss can be decreased.
Ohmic losses: This type of loss causes the internal resistance to ionic and electronic
conduction. This loss is proportional to load current and total internal resistance R and is stated as
equation 2-2 below [14].
Concentration losses: During the electrochemical reaction the concentration at the
(0.2)
η(i) = iR

electrode surface will be different compared to the electrolyte at the equilibrium. The concentration
difference is due to diffusion coefficient that is represented by the following equation 2.3:

11
2.3 Thermodynamics of the Batteries [14]
RT CB
η=
ln
nF Cs

(0.3)

This understanding of the conversion of chemical energy to electrical leads to the basic
thermodynamics behind battery function. The study of thermodynamics can estimate the
theoretical voltage of the battery based on electrochemical reactions. These electrochemical
reactions takes place at both the electrodes and are represented in equations (2-4) and (2-5). To
simplify the process of understanding, finally half reactions are discussed. The reaction at the
anode is referred to as a forward or reduction reaction that produces electrons and cations [15,16],
pM ⇄ rP + xe−

(2.4)

In the above reaction p, r, and x represents the coefficients of reactants and products.
Another half reaction takes place at the cathode, is represented in the equation (2.5):
qN + xe− → sQ

(2.5)

In the above reaction q, x, and s represent the coefficients of reactants and products. During
the cathode reaction the electrons are accepted by cations that pass through the electrolyte and
reach the cathode. The equations (2-4) and (2-5) are combined, and the final reaction is obtained.
This reaction is represented in the equation (2.6):
pM + qN → rP + sQ

(2.6)

Energy conversion within the battery demonstrates the available amount of internal energy.
The maximum internal energy extracted is beneficial for the battery operations. The amount of
maximum energy extracted can be calculated using available amount in the form of heat or work.
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Thus, the enthalpy of reaction plays a role in finding the desired value of energy. The following
equation (2-7) represents the enthalpy of reaction [14].
dH = TdS + Vdp

(2.7)

Based on the study of batteries, it is generally accepted that the concept of Gibbs free

energy plays a role in determining the transfer of energy or the work done. In the following
equation (2-8), the negative sign indicates the occurrence of process at a constant temperature
and constant pressure:
−dG = δWelectrical

(2.8)

Electrical work is represented in the following equation:

Welectrical = nFE 0

(2.9)

In the above equation, E 0 indicates reversible voltage, n refers to the number of electrons

transferred during the reaction, and F is the Faraday’s constant 96485 C/mole. Combining
equations (2.8) and (2.9) the maximum possible reversible voltage of a battery cell is presented as:
dG

∆G

− nF = E 0 = − nF

(2.10)

The movement of electrons is typically based on voltage or potential difference at the two

electrodes. The voltage obtained is theoretical and at the standard state which cannot be considered
in practical situations. The actual working voltage is obtained from the Nernst-Planck equation
represented by equation (2.11) [5, 16].
RT

am an

E(T, P) = E 0 − nF ln � aMp aqN �

(2.11)

P Q

In the above equation, R indicates the universal gas constant (8.314 J/mole-K), n is the
number of electrons involved in the reaction, F is the Faraday constant (96485 C/mole), and each
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"a " denotes the activity coefficients of reactants and products. This Nernst-Planck equation
indicates the effect of concentrations, pressure, and temperature and yields a more perfect value of
actual voltage. This voltage is considered the most vital for understanding the thermodynamics of
the electrochemical cell or battery [14,17].
This voltage is also referred to as the open circuit voltage or battery idle voltage, which
means at this voltage the battery is neither discharging nor charging. Such a voltage is overpredicted, irrespective of the losses occurring in the battery [14,17].

2.4 Lithium Ion Batteries
The constant search for the lower weight and smaller size batteries that give higher energy
density forced scientists to develop a lithium-based cell; since lithium is the lightest metal, it is
always the objective of the researchers. Owing to the high performance and minimal volume of
lithium ion batteries, they are considered one of the chief prospects for electric and hybrid vehicles
as well as for portable devices. They were first put forward by M.S. Whittingham at Binghamton
University [2] in 1970. Initially lithium was used as a metal in lithium-ion batteries and now it is
used as an intercalation material.
While the detailed working of the lithium ion batteries is discussed in Chapter 3, a brief
discussion of the various materials and the properties of the electrodes and the other components
of the lithium ion batteries is given here.
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2.5 Components of Lithium Ion Batteries
The major components of a typical battery are anode, cathode, electrolyte and separator.
The material properties and the requirements for all the components are discussed in the following
section.
2.5.1 Anode

The utility of lithium as an anode material is twofold: it can be used either as a metal or as
an intercalation material. Lithium metal anodes, while providing the highest theoretical voltage,
are also the most unstable, with problems ranging from highly resistive passivation films to
dendrite formation [13] and therefore are rarely used as a metal. Supposedly, lithium is used as an
insertion material in carbon. Lithium ions during the discharging just gets extracted from the
structure of the carbon leaving the electron and during the charging they are inserted back. The
general extraction insertion reaction is shown below:
This type of insertion/extraction reaction depends largely upon the crystal structure,
(0.12)
Li C ⇄ xLi+ + 6C + xe−
x 6

morphology and orientation of the crystallites. A large number of carbonaceous materials are
tested as anodes and graphite is now most commonly used for carbon electrodes because of its
high specific capacity (theoretically 0.372 Ah/gm) [18].
2.5.2 Cathodes

A large number of the cathodes are insertion compounds capable of accepting and giving
lithium ions. Essential properties that the cathode material must possess are high capacity, high
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cycle life, stable to the electrolyte, low impedance, high electronic conductivity, high lithium
diffusivity, and mechanical stability [19].
A vast majority of the cathode materials that are prevalent and are under study are lithiated
oxides of metals [13], like manganese (LiyMn2O4), cobalt (LiyCoO2), nickel(LiyNiO2) and
vanadium (LixV2O5 and LiyV6O13) , etc. Cathode material generally comes in two different forms
based on their microscopic structure, viz. layered structure and spinel compound. In the layered
structure the lithium ions are inserted in between the layers of oxides [19]. The common structure
of the layered configuration is shown in Figure 4.

Figure 4 : Layered structure of cathodes.
Figure 4 depicts the way in which the nickel, cobalt and magnesium or any other metal for
cathode are positioned in the layer’s structure.
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2.5.3 Electrolyte/Separator

During the charging and the discharging of a lithium ion battery, lithium ions travel through
the separator filled with electrolyte. Electrolyte provides a means to transport these ions from
anode to cathode and from cathode to anode during discharging and charging respectively and
therefore the requisite quality that the electrolyte must possess is high conductivity.
Electrolytes are classified into three basic categories: liquid, solid and composite. Liquid
electrolytes provide higher conductivity than solid electrolytes but are unstable chemically and
also require a porous separator to support them and thereby give them mechanical stability. One
of the disadvantages of the liquid electrolyte is leakage. Organic electrolytes are used in lithium
ion batteries as lithium reacts when it comes in contact with water. Most common organic
electrolytes are the carbonates or esters of simple alcohol and glycol. Ethylene carbonate (EC),
dimethyle carbonate (DMC) and diethyl carbonate (DEC), etc., are the most common organic
electrolytes. These are generally mixed with salts such as LiPF6, LiBF4 or LiClO4, etc. Composite
electrolytes employ the benefits of both types of above-mentioned electrolytes [20]. While
selecting the electrode the characteristic that should be considered apart from its conductivity is
its electrochemical stability. It is basically the potential up to which the electrolyte is not oxidized;
this potential values should be greater than the potential at which the cell is recharged [19].
The function of the separator in the whole system is to provide mechanical stability to the
liquid electrolytes and to act as a barrier between the anode and cathode to prevent them from short
circuiting. Like electrolytes it should have high conductivity to allow ions to pass through them
and should act as an insulator to the electron. Separators are usually porous in nature in order to
hold electrolytes and are made of polymers.

CHAPTER 3
MATHEMATICAL MODELING
This chapter deals with the approach of three-dimensional modeling the lithium ion
battery with different physics applied on it. It also deals with the assumptions made in the approach
and the boundary conditions involved within the model.

3.1 Description of the Battery System
This battery model consists of a porous negative electrode, a porous separator, a porous
positive electrode and an electrolyte filled in the pores. In this model, the lithium ion battery cell
consists of a negative electrode current collector of material copper (Cu), lithiated porous carbon
as a negative electrode (LixC6), lithiated porous manganese dioxide (LiyMn2O4) as a positive
electrode, positive electrode current collector of aluminium (Al) and a separator. The separator is
that part in the cell which allows the charged lithium ions to pass from one electrode to other
without any obstruction and also provides mechanical stability. They are made of a copolymer of
vinylidene fluoride and hexafluoropropylene (VdF-HFP) for this cell. The liquid or electrolyte
phase solution of the cell is nothing but the electrolyte which fills the vacant spaces or voids of
negative electrode, positive and separator. The present electrolyte which is under study is a mixture
of ethylene carbonate (EC-C3H4O3) and dimethyle carbonate (DMC-C3H6O3) in a ratio of 1:2
volume/volume with lithium hexaflorophosphate (LiPF6) as a salt [4].
Figure 5 shows the electrochemical reactions taking place during the process of discharge
and charge of the Li ion cell. During discharging lithium ions are discharged/forced from the
negative electrode, which is termed as deintercalation process, and enters into the electrolyte/liquid
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space. After this, through the separator and intercalate/inject into the positive electrode. During
the charging process, the electrons remains in the solid phase and travel to the positive electrode
through the external circuit, thereby producing the current. The electrons in the positive electrode
intercalate into the particles of the positive electrode. In the charging process lithium ions and the
electrons move in the opposite direction [4] .

Figure 5: Working of a lithium-ion battery during charge and discharge.
The reactions that occur during the charge and discharge process are shown below.
Reactions that occur during the discharge are:
At the negative electrode (i.e. at anode)
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At the positive electrode (i.e. at cathode)
discharge

Lix C6 �⎯⎯⎯⎯⎯� xLi+ + xe− + 6C

(0.1)

discharge

(0.2)

charge

(0.3)

xLi+ + xe− + Liy Mn2 O4 �⎯⎯⎯⎯⎯� Lix+y Mn2 O4
Reactions that occur during the charge are:
At the negative electrode (i.e. at anode)
and
xLi+ + xe− + 6C �⎯⎯⎯� Lix C6

At the positive electrode (i.e. at cathode)

where x and y are the insertion factors for the negative and positive electrodes respectively and are
𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜
(0.4)
𝐋𝐋𝐋𝐋𝐱𝐱+𝐲𝐲 𝐌𝐌𝐌𝐌𝟐𝟐 𝐎𝐎𝟒𝟒 �⎯⎯⎯� 𝐱𝐱𝐋𝐋𝐋𝐋+ + 𝐱𝐱𝐞𝐞− + 𝐋𝐋𝐋𝐋𝐲𝐲 𝐌𝐌𝐌𝐌𝟐𝟐 𝐎𝐎𝟒𝟒
given by equations Error! Reference source not found. and Error! Reference source not
found.. These factors viz. x and y are defined as the ratio of the initial lithium concentration to the
maximum concentration in the solid phase of the negative and positive electrodes respectively [4].

𝐱𝐱 =

𝟎𝟎
𝐜𝐜𝟏𝟏,𝐧𝐧

𝐦𝐦𝐦𝐦𝐦𝐦
𝐜𝐜𝟏𝟏,𝐧𝐧

𝟎𝟎
𝐜𝐜𝟏𝟏,𝐩𝐩

𝐲𝐲 = 𝐜𝐜𝐦𝐦𝐦𝐦𝐦𝐦
𝟏𝟏,𝐩𝐩

𝟎𝟎
𝐦𝐦𝐦𝐦𝐦𝐦
where 𝐜𝐜𝟏𝟏,𝐧𝐧
and 𝐜𝐜𝟏𝟏,𝐧𝐧
are the initial and maximum lithium concentration in the solid phase of the

𝟎𝟎
𝐦𝐦𝐦𝐦𝐦𝐦
negative electrode and 𝐜𝐜𝟏𝟏,𝐩𝐩
and 𝐜𝐜𝟏𝟏,𝐩𝐩
are the initial and maximum lithium concentrations in the

solid phase of the positive electrode. The values taken for this model are x=0.56 and y=0.17
respectively.
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The electrodes of the battery cell are porous in configuration and the electrolytic solution is
filled in the void or spaces of the electrodes. Hence there are two phases in the battery, namely
solid phase and the liquid or electrolyte or the solution phase.

3.2 Mathematical Modelling Approach
In this section, the approach for modeling the mathematical equations used to simulate the
lithium ion cell is discussed. All the equations that are required to simulate the electrochemical
performance of the porous electrodes with the concentrated electrolytes and the thermal behavior
of the cell are developed in this section. Since there is an interface between the electrode phase
and the electrolyte phase at each point in the cell, the two phases are linked by mass balance and
the charge transfer reaction rate, which depends upon the potential difference between the two
phases [18, 20]. Also the type of model considered here is only temperature dependent model
which is the electrochemical model where all the transport properties such as ionic conductivity of
the binary electrolyte, diffusion coefficient of the electrolyte and the solid-phase diffusion
coefficient are considered as the function of temperature. These properties as function of
temperature are discussed below with equations.
Ionic conductivity of the binary electrolyte and diffusion coefficient in the electrolyte
follow the empirical relation as reported by [14].
The diffusion coefficient of salt in the electrolyte is given by
κ2 = 10−4 c x (−10.5 + 0.668 x 10−3 c + 0.494 x 10−6 c 2 + 0.074T − 1.78 ∗ 10−5 cT
− 8.86 x 10−10
c 2 T −−𝟒𝟒.𝟒𝟒𝟒𝟒−�
6.96 x 10−5 T𝟓𝟓𝟓𝟓2 + 2.80
x 10−8
cT−32𝐜𝐜)
� −𝟎𝟎.𝟐𝟐𝟐𝟐
𝐱𝐱 𝟏𝟏𝟏𝟏
𝐓𝐓−𝟐𝟐𝟐𝟐𝟐𝟐−𝟓𝟓.𝟎𝟎 𝐱𝐱 𝟏𝟏𝟏𝟏−𝟑𝟑 𝐜𝐜
𝐃𝐃𝟐𝟐 = 𝟏𝟏𝟏𝟏−𝟒𝟒 𝐱𝐱 𝟏𝟏𝟏𝟏

where c is the concentration of the salt (moles/m3) and T is absolute temperature(K).

(0.5)
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Arrhenius-Type of equation is considered for incorporating the variation of the solid phase
diffusion-coefficient with the temperature,

𝐃𝐃𝟏𝟏,𝐤𝐤 = 𝐃𝐃𝐫𝐫𝐫𝐫𝐫𝐫,𝐤𝐤 �

𝐄𝐄𝐚𝐚𝐚𝐚𝐚𝐚 𝟏𝟏
𝟏𝟏
�
− ��
𝐑𝐑 𝐓𝐓𝐫𝐫𝐫𝐫𝐫𝐫 𝐓𝐓

(0.6)

where 𝐃𝐃𝟏𝟏,𝐤𝐤 is the diffusion coefficient in solid phase for electrode k, R is the universal gas

constant, 𝐓𝐓𝐫𝐫𝐫𝐫𝐫𝐫 is the reference temperature (i.e. 298K), and Eact is the activation energy for the

diffusion coefficient in the solid phase[14].

3.3 Parameters Used in Model
Table 1 which indicates all the parameters which are used for the simulation of the model
from Bidwai [4].
Table1. Values of All the Parameters Used in the Simulation.
Al

183

15

Units

Cu

Anode

Thickness, t

µm

10

Solid phase Li-diffusivity,𝐃𝐃𝐫𝐫𝐫𝐫𝐫𝐫,𝐤𝐤

m2/s

100
52
3.90 x 10

µm

12.5

8

0.471

0.297

0.357

0.444

Particle radius(R1,k)

Solid Phase volume fraction, 𝛆𝛆𝐤𝐤

Electrolyte phase volume fraction

Separator

Cathode

Parameter

1 x 10-13

14

22
100

3.8

26390

22860

Initial SOC

x=0.56

y=0.17

Anodic transfer coefficient, 𝛂𝛂𝐚𝐚

0.5

0.5

0.5

0.5

2 x 10-11

2 x 10-11

Solid Phase conductivity, 𝛔𝛔𝐤𝐤

S/m

𝐦𝐦𝐦𝐦𝐦𝐦
Maximum Lithium Concentration, 𝐜𝐜𝟏𝟏,𝐤𝐤

Cathodic transfer coefficient, 𝛂𝛂𝐜𝐜

mol/

Reaction rate constant, k

m/s

Salt Diffusivity in electrolyte, 𝐃𝐃𝟐𝟐

m2/s

Electrolyte salt concentration, 𝐜𝐜

mol/

7.5x 10-11
2000

3.4 Governing Equations
The governing equations tell about the electrochemical and thermal phenomenon occurring in
the battery. The two kinds of equations which explain the electrochemical process happening in
the battery are charge balance and material balance equations. They along with the electrode
kinetics equations are needed to describe the electrochemical process occurring in the battery, with
each equation having its boundary conditions. These equations are described both in the solid
phase and the electrolyte phase. The subscript 1 is used to describe parameter in solid phase and
subscript 2 is for the liquid phase. The thermal behavior is studied with the help of thermal
governing equations.
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3.5 Electrochemical Governing Equations
3.5.1 Charge Balance
These charge balance equations describe the electric potential in the solid and the
electrolyte phases. The charge balance equation is applied both for the solid phase and the liquid
phase. The below equations represent the balance in liquid and solid phase respectively.

3.5.1.2 Charge Balance in the Solid Phase
The charge balance equation describes the electronic current conduction in the solid matrix
and explains for the potential in the solid phase of the positive or negative electrode in the cell.
This charge balance is expressed through Ohm’s law and is given as:

𝛁𝛁. �𝛔𝛔𝐞𝐞𝐞𝐞𝐞𝐞
𝐤𝐤 . 𝛁𝛁𝚽𝚽𝟏𝟏,𝐤𝐤 � = 𝐐𝐐𝟏𝟏

(0.7)

where Q1 is the source term, and is given by:

Combination of equation (0.6) and equation (0.8) leads to:
𝐐𝐐𝟏𝟏 = 𝐒𝐒𝐚𝐚,𝐤𝐤 𝐅𝐅𝐉𝐉𝐥𝐥𝐥𝐥𝐥𝐥,𝐤𝐤

𝛁𝛁. �𝛔𝛔𝐞𝐞𝐞𝐞𝐞𝐞
𝐤𝐤 . 𝛁𝛁𝚽𝚽𝟏𝟏,𝐤𝐤 � = 𝐒𝐒𝐚𝐚,𝐤𝐤 𝐅𝐅𝐉𝐉𝐥𝐥𝐥𝐥𝐥𝐥,𝐤𝐤

(0.8)
(0.9)

where 𝚽𝚽𝟏𝟏,𝐤𝐤 is the potential in the solid phase of the electrode k and 𝛔𝛔𝐞𝐞𝐞𝐞𝐞𝐞
𝐤𝐤 (S/m) is the effective

electronic conductivity of the electrode material within the electrode k (k = n for the negative
electrode or the anode and k = p for the positive electrode or the cathode) and is corrected using
Bruggeman correlation given by equation (0.10), 𝐒𝐒𝐚𝐚 is the specific surface area (m2/m3). 𝐉𝐉𝐥𝐥𝐥𝐥𝐥𝐥,𝐤𝐤

(moles/m2-sec) is the pore-wall flux determined by the electrode kinetics or the Butler-Volmer
equation and F is Faraday’s constant (96485 Col/Moles).
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𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛
𝛔𝛔𝐞𝐞𝐞𝐞𝐞𝐞
𝐤𝐤 = 𝛔𝛔𝐤𝐤 𝛆𝛆𝐤𝐤

(0.10)

where 𝛔𝛔𝐤𝐤 is the electronic conductivity of the solid phase of region k, brug is the Bruggeman

coefficient and is taken as 1.5 [8] and 𝛆𝛆𝐤𝐤 is the solid phase porosity of electrodes. The index k is n

for the negative electrode and p for the positive electrode [8].
3.5.2 Ionic Charge Balance in Liquid Phase

Charge balance in the liquid phase is used to determine the potential in the liquid phase
and is expressed by the modified Ohm’s law for the liquid phase and is given as:

∇. �(−κeff
2 ∇Φ2

κeff
dln f
2 RT
+
�1 +
� (1 − t 0+ ). ∇ ln c)� = Q2
F
dln c

(0.11)

where Q2 is the source term and is given by:

Combination of equation (0.11) and equation (0.12) leads to:

∇. �(−κeff
2 ∇Φ2 +

Q2 = Sa,k FJloc,k

κeff
dln f
2 RT
�1 +
� (1 − t 0+ ). ∇ ln c)� = Sa,k FJloc,k
F
dln c

(0.12)
(0.13)

where 𝛋𝛋𝐞𝐞𝐞𝐞𝐞𝐞
𝟐𝟐 (S/m) is the effective ionic conductivity of the electrolyte and is given by equation
Error! Reference source not found. and equation Error! Reference source not found., 𝚽𝚽𝟐𝟐 is

the potential in the electrolyte phase, R is the universal gas constant (8.3143J/mole-K),T is the
absolute temperature, f is the mean molar activity coefficient, c is the electrolyte salt concentration
and F is Faraday’s constant.
The first term on the left-hand side represents the motion of the ionic species under the
influence of the potential gradient in the solution phase: the second term on the left-hand side
accounts for the concentration over potential and the term on the right-hand side represents the
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source term. The solution phase ionic conductivity is corrected by taking porosity and tortuosity
factor into account and is given by,

𝛄𝛄
κ𝐞𝐞𝐞𝐞𝐞𝐞
𝟐𝟐 = 𝛋𝛋𝟐𝟐 𝛆𝛆𝐤𝐤

(0.14)

Where: 𝛋𝛋𝟐𝟐 is the conductivity of the electrolyte and is function of electrolyte salt concentration.
The variation of the conductivity with the salt concentration is reported by:
3.6 Material Balance
Material balance equations govern the concentration of the lithium in the solid and the
liquid phases.
3.6.1 Material Balance in Solid Phase

The material balance in the solid phase is done by assuming single particle model. In single
particle model the electrodes are assumed to consist of spherical intercalation particles with
identical size and shape. The mass balance of the lithium ions in the intercalation particle of the
electrode active material is given by Fick’s second law in spherical co-ordinate system.
𝛛𝛛𝐜𝐜𝟏𝟏,𝐤𝐤
𝟏𝟏 𝛛𝛛
𝛛𝛛𝐜𝐜𝟏𝟏,𝐤𝐤
= 𝐃𝐃𝟏𝟏,𝐤𝐤 𝟐𝟐 �𝐫𝐫 𝟐𝟐
�
𝛛𝛛𝛛𝛛
𝐫𝐫 𝛛𝛛𝛛𝛛
𝛛𝛛𝛛𝛛

(0.15)

where 𝐜𝐜𝟏𝟏,𝐤𝐤 (moles/m3) is the solid phase lithium concentration , 𝐃𝐃𝟏𝟏,𝐤𝐤 (m2/sec) is the solid phase

diffusion coefficient of lithium ions in the electrode, and k is the index representing the negative
and the positive electrodes (k is n for the negative electrode and p for the positive electrode).
With the following boundary conditions, at the center of the spherical particle:
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A second boundary condition for this equation is provided by relating the pore-wall flux across
𝛛𝛛𝐜𝐜𝟏𝟏,𝐤𝐤
(0.16)
−𝐃𝐃𝟏𝟏,𝐤𝐤
= 𝟎𝟎 𝐚𝐚𝐚𝐚 𝐫𝐫 = 𝟎𝟎
𝛛𝛛𝛛𝛛
the interface with the rate of transport of lithium ions into the solid phase.

On the surface of the particle the flux is equal to the consumption/production rate of Li
ions due to the electrochemical reaction occurring at the solid/liquid interface.

−𝐃𝐃𝟏𝟏,𝐤𝐤

𝛛𝛛𝐜𝐜𝟏𝟏,𝐤𝐤
= 𝐣𝐣𝐥𝐥𝐥𝐥𝐥𝐥,𝐤𝐤
𝛛𝛛𝛛𝛛

𝐚𝐚𝐚𝐚 𝐫𝐫 = 𝐑𝐑 𝟏𝟏,𝐤𝐤

(0.17)

3.6.2 Material Balance in the Liquid Phase

The material balance for the lithium ion in the liquid phase is given by:

𝛆𝛆𝐤𝐤

𝛛𝛛𝛛𝛛
𝟎𝟎
= 𝛁𝛁. �𝐃𝐃𝐞𝐞𝐞𝐞𝐞𝐞
𝟐𝟐 𝛁𝛁𝛁𝛁� + (𝟏𝟏 − 𝐭𝐭 + )𝐒𝐒𝐚𝐚,𝐤𝐤 𝐣𝐣𝐥𝐥𝐥𝐥𝐥𝐥,𝐤𝐤
𝛛𝛛𝛛𝛛

(0.18)

where 𝛆𝛆𝐤𝐤 is the porosity of the region k (k is n for the negative electrode, p for the positive electrode

and s for the separator). The second term on the right-hand side is zero when solved in the

3
separator. 𝐃𝐃𝐞𝐞𝐞𝐞𝐞𝐞
𝟐𝟐 (S/m) is the diffusion coefficient of the salt in the solution phase and c (moles/m )

is the electrolyte salt concentration. 𝐒𝐒𝐚𝐚,𝐤𝐤 is the specific area of electrode k, 𝐣𝐣𝐥𝐥𝐥𝐥𝐥𝐥,𝐤𝐤 (mole/m2-sec) is
the pore-wall flux given by electrode kinetics and 𝐭𝐭 𝟎𝟎+ is the cationic transference number.

The first term on the right-hand side indicates the diffusion due to the concentration

gradient, and the second term explains for the production and the consumption of the species[8].
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3.7 Initial and Boundary Conditions Applied
The boundary conditions are usually the equations, which state the restriction and all the
possible limitations for the system. All the initial and boundary conditions used for the model are
explained below.
3.7.1 Initial Conditions
The initial conditions for the model are specified for T, C and C1,k at time t=0.
•

The temperature of the cell is specified as T= T0 ,where is T0 is specified as 20°C.

•

The initial electrolyte concentration is, C= C0 , which is 2000 mol/m3.

•

The solid-phase lithium concentrations for positive and negative electrode are [8] ,

𝟎𝟎
𝐜𝐜𝟏𝟏,𝐩𝐩 = 𝐜𝐜𝟏𝟏,𝐩𝐩

𝟎𝟎
𝐜𝐜𝟏𝟏,𝐧𝐧 = 𝐜𝐜𝟏𝟏,𝐧𝐧

(0.19)

3.7.2 Boundary Conditions Applied for the Balance of Charge in the Solid Phase

The following are the boundary conditions applied for the balance of charge in solid phase
of the model and the x-direction is along the length of battery, y-direction is towards the height
(H) and z-direction is seen by the depth (d) of the cell.
•

On the negative (copper) current collector tab the potential in the solid phase is set to zero,

i.e., :

𝚽𝚽𝟏𝟏 = 𝟎𝟎

(0.20)
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•

On the positive (aluminium) current collector tab, the solid-phase current density is equated

to the applied current density, because the current density is specified at the positive electrode
current collector tab and therefore:

−𝛔𝛔𝐞𝐞𝐞𝐞𝐞𝐞
𝐤𝐤

𝛛𝛛𝚽𝚽𝟏𝟏
= 𝐈𝐈𝐚𝐚𝐚𝐚𝐚𝐚
𝛛𝛛𝛛𝛛

(0.21)

where m is the outward normal to the boundary and 𝐈𝐈𝐚𝐚𝐚𝐚𝐚𝐚 is the applied current density (A/m2).

The boundaries at which the above two conditions are specified are shown in Figure 6.

Figure 6: Charge Balance in Solid Phase of Lithium.
All the other boundaries the current in the solid phase is zero. Mathematically,

𝐲𝐲 = 𝐇𝐇,

𝐲𝐲 = 𝟎𝟎 ,

−𝛔𝛔𝐞𝐞𝐞𝐞𝐞𝐞
𝐤𝐤

𝛛𝛛𝚽𝚽𝟏𝟏
= 𝟎𝟎
𝛛𝛛𝛛𝛛

𝟎𝟎 ≤ 𝐳𝐳 ≤ 𝐚𝐚,

𝟎𝟎 ≤ 𝐳𝐳 ≤ 𝐚𝐚,

𝐚𝐚𝐚𝐚 ,

𝐋𝐋𝐋𝐋𝐋𝐋 ≤ 𝐱𝐱 ≤ 𝐋𝐋𝐋𝐋

𝐋𝐋𝐋𝐋𝐋𝐋 ≤ 𝐱𝐱 ≤ 𝐋𝐋𝐋𝐋

(0.22)
(0.23)
(0.24)
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𝐲𝐲 = 𝐇𝐇 ,
𝐲𝐲 = 𝟎𝟎 ,

𝟎𝟎 ≤ 𝐳𝐳 ≤ 𝐚𝐚,

𝟎𝟎 ≤ 𝐳𝐳 ≤ 𝐚𝐚,
𝟎𝟎 ≤ 𝐳𝐳 ≤ 𝐚𝐚

𝟎𝟎 ≤ 𝐳𝐳 ≤ 𝐚𝐚,

𝐋𝐋𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 ≤ 𝐱𝐱 ≤ 𝐋𝐋𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋

(0.25)

, 𝐱𝐱 = 𝐋𝐋𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 𝐚𝐚𝐚𝐚𝐚𝐚 𝟎𝟎 ≤ 𝐲𝐲 ≤ 𝐇𝐇

(0.27)

𝐋𝐋𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 ≤ 𝐲𝐲 ≤ 𝐋𝐋𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋

𝐱𝐱 = 𝐋𝐋𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 𝐚𝐚𝐚𝐚𝐚𝐚 𝟎𝟎 ≤ 𝐲𝐲 ≤ 𝐇𝐇

(0.26)

(0.28)

3.7.3 Charge Balance in the Liquid/Electrolyte Phase

•

At the interfaces of the electrodes and the separator the potential in the solution phase

i.e. 𝚽𝚽𝟐𝟐 ) and its fluxes are continuous.
•

At the outer boundaries as shown in Figure 7, there is no charge flux in the liquid phase.

Figure 7: Charge balance in liquid phase.
Matheatically it is expressed as,

(
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−𝛔𝛔𝐞𝐞𝐞𝐞𝐞𝐞
𝐤𝐤

𝛛𝛛𝚽𝚽𝟐𝟐,𝐤𝐤
= 𝟎𝟎
𝛛𝛛𝛛𝛛

𝐱𝐱 = 𝟎𝟎 , 𝟎𝟎 ≤ 𝐳𝐳 ≤ 𝐚𝐚, 𝟎𝟎 ≤ 𝐲𝐲 ≤ 𝐇𝐇

𝐚𝐚𝐚𝐚 ,

(0.29)

𝐱𝐱 = 𝐋𝐋𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 , 𝟎𝟎 ≤ 𝐳𝐳 ≤ 𝐚𝐚, 𝟎𝟎 ≤ 𝐲𝐲 ≤ 𝐇𝐇

𝐲𝐲 = 𝐇𝐇, 𝟎𝟎 ≤ 𝐳𝐳 ≤ 𝐚𝐚, 𝐋𝐋𝐋𝐋𝐋𝐋 ≤ 𝐱𝐱 ≤ 𝐋𝐋𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋

𝐲𝐲 = 𝟎𝟎 , 𝟎𝟎 ≤ 𝐳𝐳 ≤ 𝐚𝐚, 𝐋𝐋𝐋𝐋𝐋𝐋 ≤ 𝐱𝐱 ≤ 𝐋𝐋𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋 + 𝐋𝐋𝐋𝐋

3.8 Thermal Behaviour and Governing Equations

In order to understand the thermal behavior of the battery during the charge/discharge
during the load cycle, the thermal or heat generation module is added to the model and simulations
are made. The general energy equation is given as:
𝛛𝛛(𝛒𝛒𝐤𝐤 𝐜𝐜𝐩𝐩,𝐤𝐤 𝐓𝐓)
= 𝛁𝛁. (𝛌𝛌𝐤𝐤 𝛁𝛁𝛁𝛁) + 𝐪𝐪
𝛛𝛛𝛛𝛛

(0.51)

where k is n for the negative electrode, p for the positive electrode and s for the separator; 𝐂𝐂𝐩𝐩,𝐤𝐤 is
the average specific heat conductivity of porous region; 𝛒𝛒𝐤𝐤 is the density of porous region, and 𝛌𝛌𝐤𝐤

is the average thermal conductivity of region. The second term on the right-hand side( i.e. q) is the
heat generation term, and is composed of three major components: i) reaction heat generation due
to deviation of battery potential from equilibrium potential, termed irreversible heat generation ;
ii) reversible heat generation due to the entropic effect, and iii) Ohmic heating due to charge
transport through the electrodes, electrolytes and current collector plates. In the present work the
Ohmic heating in the collector plates is neglected. The total heat generation term is given as:

𝐪𝐪 = 𝐣𝐣𝐥𝐥𝐥𝐥𝐥𝐥,𝐤𝐤 . �𝚽𝚽𝟏𝟏,𝐤𝐤 − 𝚽𝚽𝟐𝟐,𝐤𝐤 − 𝐄𝐄𝐤𝐤 � + 𝐣𝐣𝐥𝐥𝐥𝐥𝐥𝐥,𝐤𝐤 . 𝐓𝐓

𝐝𝐝𝐄𝐄𝐤𝐤
+ 𝛔𝛔𝐞𝐞𝐞𝐞𝐞𝐞
𝐤𝐤 𝛁𝛁𝚽𝚽𝟏𝟏,𝐤𝐤 . 𝛁𝛁𝛁𝛁𝟏𝟏,𝐤𝐤
𝐝𝐝𝐝𝐝

(0.30)
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𝐞𝐞𝐞𝐞𝐞𝐞
+𝛋𝛋𝐞𝐞𝐞𝐞𝐞𝐞
𝟐𝟐 𝛁𝛁𝚽𝚽𝟐𝟐,𝐤𝐤 . 𝛁𝛁𝚽𝚽𝟐𝟐,𝐤𝐤 + 𝛋𝛋𝐃𝐃 𝛁𝛁 𝐥𝐥𝐥𝐥 𝐜𝐜 . 𝛁𝛁𝚽𝚽𝟐𝟐,𝐤𝐤

The coefficient κeff
D in the above expression is:
𝛋𝛋𝐞𝐞𝐞𝐞𝐞𝐞
𝐃𝐃 =

𝛋𝛋𝐞𝐞𝐞𝐞𝐞𝐞
𝐝𝐝𝐝𝐝𝐝𝐝 𝐟𝐟
𝟐𝟐 𝐑𝐑𝐑𝐑
�𝟏𝟏 +
� (𝟏𝟏 − 𝐭𝐭 𝟎𝟎+ )
𝐅𝐅
𝐝𝐝𝐝𝐝𝐝𝐝 𝐜𝐜

(0.31)

where 𝚽𝚽𝟏𝟏,𝐤𝐤 𝐚𝐚𝐚𝐚𝐚𝐚 𝚽𝚽𝟐𝟐,𝐤𝐤 is the potential in the solid and the liquid phases in region k respectively (k

is n for negative electrode and p for positive electrode). 𝐣𝐣𝐥𝐥𝐥𝐥𝐥𝐥,𝐤𝐤 is the pore-wall flux of Li+ in the

electrode k and is given by the Butler –Volmer kinetics and 𝐄𝐄𝐤𝐤 is the open circuit potential of the
electrode k with respect to a lithium reference electrode.

The first term in the right-hand side of equation (0.30) ,which is the reversible heat, gives
the deviation of the potential from the equilibrium potential; the second term, called as reversible
heat, comes from the entropic effects. All the terms remaining in the equation then correspond to
the Ohmic heating. The first term from the Ohmic heat part comes from the Ohmic heats in the
solid phase and the rest of the two terms arises from the Ohmic heat in the solution or liquid phase
[8].

CHAPTER 4
RESULTS AND DISCUSSION

This chapter demonstrates about the simulation analysis and results which are obtained by
subjecting the battery model to typical load. The analysis is based on various battery parameters
including salt concentration, cell temperature and different boundary conditions. The transport
phenomenon analysis is presented based on the model and load cycle discussed in this section. The
chapter is concluded based on the results obtained from computer simulation.

4.1 Load Cycle Analysis
In this section, load cycle analysis is demonstrated in order to achieve the representative
load cycle. This obtained representative load cycle is put forward in the COMSOL model to
demonstrate the variations in concentrations of electrolyte, lithium ion concentrations, heat
generation and their effects on the overall battery performance.
4.1.1 Load Cycle

Load cycle is the series of discharge and charge for a particular duration of applied
current on the terminal of the battery and is derived from the duty cycles of the electric vehicles.
In the research done by Bidwai [4] ., a load cycle consisting of constant or invariable discharge
and charge for duration of 3600 sec was analyzed. The rate of constant discharge and charge was
1C and indicated 17.5Ah [4]. Subhedar [10]., analyzed the battery simulations under different
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operating conditions and designed the battery storage system under optimum battery conditions
for varying charge and discharge. He analyzed the load cycle of the typical locomotive.[10].
4.1.2 Load Cycle Development

The load cycle under observation or study is the typical load cycle of an electric vehicle,
Nissan Leaf. Earlier studies [1, 8], indicated the simulated results for locomotive engine and this
study indicates the three-dimensional battery simulation results for an electric vehicle.
4.1.3 Previous Work at NIU

The previous work at Northern Illinois University[4,10] , was the two-dimensional model
created by Bidwai[4], which indicated constant discharge and charge for the load cycle of typical
engine of locomotive. The discharge rates were only for 3C, 4C for his model. The threedimensional model created is now compared with the two-dimensional properties and their
variations are observed.
The variations in the 2D and 3D are the result of simulations performed and their variations
are analyzed in order to develop the three-dimensional model for the varying load cycle.
4.2 Calculation of Capacity for 3D Model
Now it is of primary importance to decide the C-rate of the battery; then the capacity of the
battery has to be calculated. The capacity of the battery depends upon many factors such as
discharge rate, C-rate and size of the battery; initial lithium ion concentration; thickness and the
maximum change in SOC. The theoretical capacity of the battery, though, can be found out from
the equation (4.1) [4]
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𝐂𝐂𝐭𝐭𝐭𝐭 =

𝐜𝐜 𝐨𝐨 ∗ 𝐭𝐭 ∗ 𝐅𝐅 ∗ ∆𝐒𝐒𝐒𝐒𝐒𝐒
𝐀𝐀𝐀𝐀/𝐦𝐦𝟐𝟐
𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑

(0.1)

where Cth is the theoretical capacity of the battery cell, t is the thickness of the electrode, F is
Faraday’s constant and 𝛥𝛥SOC is the maximum change in state-of-charge. It is given by:
ΔSOC = 1 − Initial SOC

(0.2)

The number 3600 is needed to find the capacity in Amp-hour. The capacity found out here
in this study is based on the negative electrode.
So for initial lithium concentration c0 of 14870 moles/m3, thickness of the negative
electrode (t) is of 100µm and the initial SOC on 0.56, the capacity obtained is [4] ,

Cth = 14870 ∗ 100 ∗ 10−6 ∗ 96485 ∗ (1 − 0.56) = 17.5Ah/m2

(0.3)

The current density obtained from this equation is the normal to the sheet of the battery. If
the current has to be withdrawn from the tab, then it has to scaled-up, as the tab is very small in
dimension as compared to the sheet. So the current density that is needed to be specified at the tab
is given by:
id = 17.5 ∗

area of tab(ta)
frontal area (fa)
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In the present study the current density is specified at the positive electrode current
collector tab. The thickness of positive electrode current collector tab is 15µm. So the scaled-up
current density is given by for capacity rate of 10C is:
10−4 ∗15∗10−6

id = 17.5 ∗ 15∗10−6 ∗ 10−6 = 175Amp/m2
4.3 Varying Load Cycle
The varying load cycle is the load cycle with varying discharge and charge rates of the
electric vehicle. This load cycle helps in analyzing the real runtime performance for the electric
vehicle. This helps in developing or improving the capacity and management of temperature of the
battery of electric vehicle. The load cycle selected or analyzed for this section is the cycle of Nissan
Leaf for a period of 300 sec (5 minutes). The values are tabulated from [21].
4.3.1 Calculations for Current Density

Below is the total current per stack, which is the load cycle for a typical vehicle for the
whole battery stack. This is the typical load cycle for the Nissan Leaf as shown in Fig 8.
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Figure 8: Current for whole battery stack of Nissan Leaf.
The battery specifications for the above car is below, and based on the specifications,
current per cell out of the total stack is calculated and the current density (load cycle for COMSOL
model) is found and shown in Fig 9.


Nominal voltage : 380 V



Total capacity : 24KWH



No of cells in the stack : 192

Figure 9 : Series and parallel stack of Nissan Leaf battery.
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As it can be seen, that there are total 192 cells, out of which it has 48 modules in series.
Each module has two cells in it. Hence the total voltage can be the addition of two cells in a module
which is 3.8 +3.8 = 7.6V for a module and the total voltage of battery can be
48*7.6= 362V.
The values obtained from the source [18] are the voltage and current applied for the total
battery. But this is for a single cell. Hence, the calculations needed to break down the total current
into current per cell are calculated. Then the calculations for the values of current density are found
from them [10].
Total Number of cells in the stack (NT ) = 192
Scaling factor (FS ) =

1
1
=
= 0.005208
NT 192

Power per cell (PC ) = Peak Power (PP ) × Scaling factor (FS )

= 81755.4 ∗ 0.005208 =425.7821 Joules/sec
Current per Cell =

Voltage per cell (VC ) = 3.7 V

Power Per Cell (PP )

Voltage Per Cell (VC )

= =

425.782
3.7

= 112.05 Amps (1C for cell)

Peak power is obtained from the load cycle [10] shown in Fig 10.
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Figure 10: Current per cell.
Figure 10 indicates the current per cell calculated from the total current given to the battery
of the vehicle for the total run of 300 sec (5min). It indicates that the peak current for the cell is at
120 amps at around 130 sec.
The current per cell calculated is now scaled to current density as they are the values which
are applied on the positive electrode of the electrochemical model. Below are their calculations
and the Fig 11 tells about the load cycle.
Current density (id) =

Current per cell (CC )
Surface Area

Current density for applied surface = (current per cell) / surface area , i.e.:
Current density (itd ) = currentper cell ×

t = thickness of positive electrode where current density is applied.
H= height of the cell

H
t
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Figure 11: Load cycle with varying current densities (Amp/m2).
Figure 11 indicates the load cycle with varying current densities applied on the model. It
can be seen that during the initial run, the battery discharges and the charging starts when the graph
drops down, reaches peak charge at about 35-45 sec, and at about the 50th second, there is an
open circuit interval which means there is no current applied nor taken from it. As the load cycle
proceeds, it has maximum or peak discharge at about 150th second and discharges for the rest of
the cycle completing 300 sec cycle.

4.4 Electrolyte Salt Concentration at Different Times
The load cycle is now analyzed for variations of lithium in liquid phase and solid phase.
Below is the analysis for liquid phase of lithium which is the electrolyte salt concentration variation
at different times of discharge, charge and open circuit potential. Here OC represents open circuit
potential, dis for discharge, Char means charge as shown in Fig 12.
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Figure 12 : Electrolyte salt concentration profile along the length of battery for adiabatic
condition.
Figure 12 represents variation of salt concentration along the length of cell for the load
cycle. During the first phase of cycle, the diffusion is slow and is steady at OC. Once the discharge
takes place, the liquid phase increases significantly (t=81sec) and drops down onto the open circuit
for 120th sec. Finally, the liquid concentration of lithium increases to the end of load cycle at t =
290 sec due to the greater diffusion of salt.
The plots of the electrolyte salt concentration during the duration of varying load cycle at
different times are depicted in below. The contour plots (Figure 13) show that as the discharge
proceeds, the electrolyte salt concentration increases towards the negative electrode. Shown are
their variations at peak discharge, peak charge at open circuit potential and continuous discharge
mode.
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(a) Open circuit potential at t = 40 sec

(b) Peak discharge at t = 140 sec

Figure 13: The plots of the electrolyte salt concentration during the duration of varying load
cycle at different times. (Continued on following page)
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(c) Peak charge at t = 290 sec.

4.5 Solid -Phase Lithium Ion
Figure 14 can be analyzed much better for variation of lithium ion in solid phase and the
diffusion of lithium in solid phase. As it can be seen, there is possible variation in lithium
concentration in the electrode layers as the reaction proceeds. As the discharge reaction precedes,
lithium ion concentration decreases in the solid phase on the left side of the negative electrode and
increases the concentration with the liquid phase. The concentration gradient makes the movement
of lithium ion towards the positive electrode through the electrolyte. As the discharge continues,
the solid-phase concentration increases with the positive electrode. This process reverses as the
load cycle moves into the phase of charging.
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Figure 14 : Solid phase lithium ion concentration profile along the length of battery.

4.6 Constant Discharge Mode
Similarly, the capacity rates for different discharge rates is as follows. As the discharge
load cycle is for a total of 600 sec, then the different C-rates are follows:
•

6C - 600 sec – 105 Amp/m2

•

8C - 400 sec – 140 Amp/m2

•

10C- 350 sec– 175Amp/m2

•

12C- 300 sec—195Amp/m2

The discharge rate under consideration is 6C, whose total time for discharge is 600 sec and applied
current density is 105 Amp/m2.
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This load cycle plots for a total time of 1200 sec, which is 600 for discharge and 500 sec
for charge period and 100 sec for open circuit interval. Open circuit interval is the time period
when there is no current density applied on the current collector tab of the cell.
The contour plots and line plots for variations of temperature and electrolyte salt
concentrations are shown along the length of cell in below Fig 15.

(a). Cell Width, x=345µm.

(b). Cell Width, x=345µm.
Figure 15: (a) Variation of temperature along cell width for 6C discharge. (b) Electrolyte salt
concentration variation with discharge for 600 sec.
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4.7 Electrolyte Salt Concentration
At t = 600 sec of discharge, the electrolyte salt concentration of the model is as follows.
Initially, the electrolyte salt concentration for the whole model was 2000 mol/m3. As the discharge
proceeds, the salt concentration increases to 2400 mol/m3 at the negative electrode (anode) and
decreases to the positive electrode (cathode) indicating a decrease in solid lithium phase
concentration from anode to cathode.
4.8 Analysis at Different Constant C-rates
Figure 16 which shows the simulation results of different constant discharge C-rates for
the model. The results are for the electric potential achieved for different current densities applied
on the model.

Figure 16: Potential for different discharge C-rates.
The analysis indicates that the battery discharges more at less C-rates and the lithium
consumption is to the fullest for 6C with minimal losses. At higher discharge rates, the
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performance is also acceptable but it is to be best when compared to less C-rates, i.e., 6C as shown
in Fig 17.

Figure 17: Temperature graph for different C-rates.
Figure 17 indicates about the temperature variations in different C-rates. It shows that the
three-dimensional model at constant discharge rates predicts less temperatures and they increase
with the C-rates. It can be seen that at higher C-rates, there is an increase in temperature.
4.9 Adiabatic Temperature Plots
Figure 18 represents the temperature plots for the open potential circuit, peak discharge
and peak charge at various time intervals throughout the cycle.
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(a) Open potential circuit at t = 40 sec

(b) Peak discharge at t = 140 sec.
Figure 18: The temperature plots for the open potential circuit, peak discharge and peak charge at
various time intervals. (Continued in next page)
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(c) Peak charge at t = 290 sec.

It can be observed that the maximum amount of heat was generated during charging. The
important component of heat representing the overall heat generation and the temperature rise is
the Ohmic heat. This is due to the excited collision among the moving ions. Because of the
collision, the amount of heat released in the reaction is more. Hence there is an increase in
temperature.

4.10 Analysis at Different Cooling Condition
The convective boundary conditions include giving a convective heat transfer coefficient
of 300W/m2-K on the top of the cell at the sides while the bottom is still adiabatic.
W

h = 300 m2 K at the walls of model

(0.2)

Contour plots of the cell temperature at different times during the discharging, open circuit

and charging are depicted in Figure 19.
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(a) Open circuit potential at t = 40 sec.

(b) Peak discharge at t = 140 sec.
Figure 19: Contour plots of the cell temperature at different times during the discharging, open
circuit and charging. (Continued in next page)
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(c) Peak charge at t = 280 sec.

The rate of increase in temperature is less compared to that in the adiabatic case and the
temperature is able to be controlled in the later stages of the cycle. During the open circuit time,
the temperature was little increased from 20 C to 23 C and the discharge process started , reaching
to a peak discharge of 32 C. During the charging, the temperature reduced a little due to the
cooling effect on the side walls of the model and the cooling made the temperature to come down
and at peak charge it was at a temperature of 29 C. Hence the temperature with the convective
cooling conditions is less when compared to adiabatic conditions.

4.11 State of Charge
State of charge (SOC): State of charge is normally like a number in the vehicle to show the
amount of fuel or charge remaining in the vehicle after a particular run. It is based on voltage and
expressed in terms of a number [13].
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In this model the x which represents the concentrations of lithium ions is taken as 0.56,

which represents :

0
c1,n
x = max
c1,n

0
max
where c1,n
and c1,n
are the initial and maximum lithium concentrations in the solid phase of the

negative electrode.

Now, the variation of the x with respect to the potential is analyzed and a graph is plotted

with the potential be analyzed [15]. The curve fit equation which represents the potential with the
SOC is [15] :
Potential = 0.1012(xe−0.2734 )4.099(xe−0.0005126 )

Figure 20 which represents the variation of SOC with the potential.

Figure 20: State of charge with electric potential.

Figure 21 indicates the state of charge as a function of electric potential. The values of the
potential are fitted into the equation and the x values are found. The potential values are the ones
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which are found in the initial discussion and their values are plotted. As it can be seen, initially the
SOC starts at 0.56 and at the open circuit interval (40th sec); the SOC decreases and maintains
close to 0.56 at the 40th sec. The series of discharge and charge makes the SOC increase and
decrease due to taking up and giving the charge. At the peak discharge time (140th sec), the SOC
decreases due to taking or discharge of the charge. The following second or time when SOC
increase is due to the charging or giving charge to the battery. Then at the later part, at the peak
charge time (280sec) SOC tends to increase from the previous time and overall at the end of
representative load cycle, the SOC tend to decrease from 0.56 to a value less than that.

Figure 21: State of charge as a function of potential with time.

CHAPTER 5
CONCLUSION

•

A three-dimensional simulation model for analyzing the performance for a lithium ion

battery for an electric vehicle is developed.
•

A typical vehicle load cycle is analyzed for integration with a Li ion battery power system.

•

Simulation analysis is used to characterize the performance of a lithium ion battery

performance subject to a range of high charge and discharge rates associated with the typical
vehicle load cycles.
•

Results show the requirement of a thermal heat management system using advance-forced

convection cooling.
5.1 Recommendations
•

The future work includes integration of a high-performance bipolar plate with integrated

cooling channel design to the three-dimensional battery simulation model.
•

Perform design analysis of a battery storage system for an electric vehicle to show the

feasibility for an extended diving range of a passenger vehicle.
•

Analyze the limitation of state-of-the-art battery chemistry and capacity in terms of

electrochemical polarization performance and thermal heat management requirements.
• Explore integration of a state-of-the-art electrode design for increased capacity and
enhanced performance.
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